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AgingThe process of skeletal muscle aging is characterized by a progressive loss of muscle mass and functionality.
The underlying mechanisms are highly complex and remain unclear. This study was designed to further
investigate the consequences of aging on mitochondrial oxidative phosphorylation in rat gastrocnemius
muscle, by comparing young (6 months) and aged (21 months) rats. Maximal oxidative phosphorylation
capacity was clearly reduced in older rats, while mitochondrial efﬁciency was unaffected. Inner membrane
properties were unaffected in aged rats since proton leak kinetics were identical to young rats. Application of
top-down control analysis revealed a dysfunction of the phosphorylation module in older rats, responsible
for a dysregulation of oxidative phosphorylation under low activities close to in vivo ATP turnover. This
dysregulation is responsible for an impaired mitochondrial response toward changes in cellular ATP demand,
leading to a decreased membrane potential which may in turn affect ROS production and ion homeostasis.
Based on our data, we propose that modiﬁcation of ANT properties with aging could partly explain these
mitochondrial dysfunctions.
© 2009 Elsevier B.V. All rights reserved.1. Introduction
Mitochondria, because of their central role in ATP supply through
oxidative phosphorylation, play a crucial role in skeletal muscle
function. During last decades, a growing interest has been focused on
possible mechanisms linking dysfunctions of the mitochondrial
oxidative phosphorylation and the aging process, but implication of
oxidative phosphorylation is still a matter of debate. Indeed,
mitochondrial oxidation and phosphorylation activities, assessed at
rest in vivo by 13C/31P NMR spectroscopy, were found to decrease in
skeletal muscle of elderly [1]. In accordance with this result, skeletal
muscle oxidative capacity, determined using the kinetics of PCr
recovery after exercise as an indicator of themaximal rate of oxidative
phosphorylation, has been found to decrease with aging in human
vastus lateralis [2]. This result was explained by the authors by a
concomitant decrease of mitochondrial mass and activity [2].
However, using the same methodology, Kent-Braun and Ng [3] did
not ﬁnd any modiﬁcation of oxidative capacity with aging in tibialis
anterior. In addition, by investigating the effect of aging on ATP
producing pathways in vivo in human skeletal muscle, Lanza et al. [4]
have found an unaltered oxidative capacity associated with a reduced
contribution of glycolysis ﬂux in the ATP turnover during high
intensity contraction.: +33 5 57 57 45 56.
r (P. Diolez).
ll rights reserved.Experiments performed on isolated mitochondria have also
brought conﬂicting results. Reduction of several respiratory chain
complexes activities has been reported in several tissues, including
skeletal muscle, of aged mice [5]. A decreased maximal oxidation rate
during aging was found in skeletal muscle of mice [6], rats [7], and
from biopsies of human skeletal muscle [8]. In addition, maximal ATP
production was also found to decline with aging in skeletal muscle of
rats [9] and humans [10]. However, Rasmussen et al. [11] did not ﬁnd
any modiﬁcation of mitochondrial oxidative phosphorylation with
aging in mitochondria isolated from biopsies of human muscles, and
themaximal ADP-stimulated oxidation ratewas found to be unaltered
in aged rats in several experiments [12,13].
As a consequence, these conﬂicting results obtained both in vivo
and in vitro point out the complexity of the demonstration and the
identiﬁcation of the consequences of aging onmitochondrial oxidative
phosphorylation. Moreover, data obtained from in vitro studies are
limited to resting (state IV) and maximal (state III) oxidative
phosphorylation activities, which are extreme conditions certainly
far from in vivo conditions of mitochondrial functioning. Indeed, even
though muscle needs very high ATP turnover during maximal
contractile activities, muscle activity mainly occurs at moderate
activities, corresponding to low ATP turnover and consequently to
intermediate mitochondrial activity. Therefore, it appears important
to bring information over the whole range of oxidative phosphoryla-
tion activity. In addition, the study of the interactions existing between
the different components of oxidative phosphorylation is required in
Fig. 1. System deﬁnition for top-down control analysis of mitochondrial oxidative
phosphorylation. In this system, the mitochondrial functioning is described by three
modules, each one grouping several reactions (see Materials and methods for details),
connected by a common thermodynamic intermediate (Δp).
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on the integrated functioning of the mitochondrial oxidative
phosphorylation.
Top-down control analysis is an efﬁcient approach to study
oxidative phosphorylation ranging from state IV to state III. It provides
the description of how the different components of oxidative
phosphorylation interact through the proton-motive force to meet
an ATP demand [14–16]. Previous applications of this approach have,
for example, allowed better understanding of the very mechanisms at
the origin of dysfunction occurring during hypothermic to normo-
thermic reperfusion in rat liver [17] and the description of the effect of
temperature on oxidative phosphorylation [18].
In the present study, we took advantage of the capabilities of the
top-down control analysis to carefully investigate possible alterations
of oxidative phosphorylation occurring with aging.
2. Materials and methods
2.1. Isolation of skeletal muscle mitochondria
MaleWistar rats aged of 6 and 21months were anaesthetised with
isoﬂuran inhalation and killed by intraperitoneal injection of
pentobarbital (60 mg/kg). The two gastrocnemius muscles were
then dissected and washed in the isolation medium containing
100mM sucrose, 180mMKCl, 50mM Tris, 5 mMMgCl2, 10 mM EDTA,
and 0.1% (wt./vol.) BSA (pH 7.2). Before homogenisation, muscles
were minced and exposed during 5 minutes to protease (2 mg of
bacterial proteinase type XXIV per ml of isolation medium, Sigma-
Aldrich: P8038). Mitochondria were extracted as described in Cannon
and Lindberg [19]. All experimentswere conducted in agreement with
the National and European Research Council Guide for the care and
use of laboratory animals. P. Diolez has been attributed a permanent
license to conduct experiments on animals by the Service Vétérinaire
de la Santé et de la Protection Animale of theMinistère de l'agriculture
et de la Forêt (03/17/1999, license number 3308010).
2.2. Protein content determination
Mitochondrial protein concentration was determined by the
Bradford method [20] using BSA as standard.
2.3. Simultaneous monitoring of oxidation rate, membrane potential,
and phosphorylation rate
Oxygen consumption, membrane potential, and ATP synthesis were
monitored simultaneously (cf. Fig. 2) in a glass vessel (ﬁnal volume
3 ml) in a medium containing 140 mM sucrose, 100 mM KCl, 1 mM
EGTA, 20 mMMgCl2, 10 mM KH2PO4, and 0.1% (wt./vol.) BSA (pH 7.2).
Mitochondrial protein concentration used in the measurement vessel
was approximately 0.3 mg ml−1 unless for the proton leak ﬂux
determinationwhere theprotein concentrationusedwasapproximately
0.6 mg ml−1. Succinate (5 mM+rotenone 2 μg ml−1) was used as a
substrate for the monitoring of oxidative phosphorylation parameters
(i.e., oxidation rate, membrane potential, and phosphorylation rate) and
top-down control analysis experiments. State III oxidation rates were
obtained by adding ADP (250 μM) and state IV oxidation rate was
measured after complete ADP phosphorylation.
Oxidationby complex Iwasevaluatedusingglutamate (5mM)+malate
(1 mM) or pyruvate (5 mM)+malate (1 mM). State III oxidation rates
were obtained using 500 μM ADP. These experiments were carried out in
a separate glass vessel in order to avoid any possible residual effect of
rotenone on further experiments. To inhibit residual adenylate kinase
activity, excess of P1,P5-Di(adenosine-5)pentaphosphate (AP5A, 20 μM)
was added to the measurement medium in all experiments. Oxidation
rates were determined polarographically with a Clark electrode (RankBrothers) at 25 °C. Concentration in air-equilibrated medium was taken as
240 μM [18].
Membrane potential was monitored using a homemade tetra-
phenylphosphonium (TPP+) electrode coupled to an Ag/AgCl-
saturated reference electrode (Tacussel Mi402). Membrane potential

















where v is the mitochondrial matrix volume, V is the volume of
measurement medium, and ΔE is the deﬂection of the TPP+ electrode
from the baseline, derived from the electrode calibration. Mitochon-
drial matrix volumewas taken as 0.79 μl in accordance to Stumpf et al.
[22]. To calibrate the TPP+ electrode response, the TPP+ concentration
in the vessel was doubled (from 1.67 to 3.34 µM) at the beginning of
each recording. At the end of each experiment, membrane potential
was collapsed by 1 μM carbonyl cyanide m-chlorophenylhydrazone
(CCCP) to obtain the membrane potential baseline. Due to the
lipophilic property of TPP+, a correcting factor of 50mVwas subtracted
from allmeasurements in order to remove the contribution of the non-
speciﬁc ﬁxation of TPP+ in mitochondrial membranes [23] (cf. Fig. 2).
The determination of phosphorylation rate lies on the chemical
properties of ATP synthesis reaction. As ATP synthesis is stoichiomet-
rically linked to H+ consumption (cf. Eq. (2)), the phosphorylation
rate was experimentally determined by continuously monitoring the
pH variations of the measurement medium [24]. pH changes were
converted into rate of H+ consumption after calculating the buffering
capacity determined by successive additions of a titrated HCl solution
(0.1 mM) carried out during each assay (cf. Fig. 2). This calibration
was also used to ensure that the pH electrode response was never rate
limiting. Lastly, rate of H+ consumption was converted into rate of
ATP synthesis by using the following equilibrium [25]:
ADPq− + Pir− + mHþ X ATPp− + H2O ð2Þ
with m=q+r−p. m corresponds to the number of moles of H+
required for the synthesis of onemole of ATPmole and depends on the
pH and protonation states of ADP, ATP, and Pi. The value of m as a
function of pH has been determined by the group of Nishimura [25],
and the adequate value has been used to calculate the rate of ATP
synthesis in each assay after determination of the actual pH value.
2.4. Top-down control analysis
As previously applied to study the mitochondrial oxidative phos-
phorylation in mitochondria from different organs [14,17,18,26],
oxidative phosphorylation of mitochondria from skeletal muscle was
described as three large modules linked by a common thermodynamic
intermediate (Fig. 1). In this system, the substrate oxidation module
Table 1
Consequences of aging on morphometric parameters and mitochondrial extraction.
Young (n=9) Aged (n=10)
Body weight (g) 561±60 628±32⁎⁎
Gastrocnemius weight (g) 6.48±0.52 4.78±1.19⁎⁎
Sarcopenic index (%) 1.16±0.09 0.77±0.20⁎⁎
Extracted mitochondria (mg) 16.40±2.02 13.58±3.77
Isolation yield (mg of protein/g of muscle) 2.53±0.2 2.86±0.58
Values, obtained from young (6 months) and aged (21 months) rats, are expressed as
mean±SEM. Sarcopenic index correspond to the gastrocnemius weight-to-body
weight ratio, expressed as percentage. Differences were tested using an unpaired
bilateral Student's t-test.
⁎⁎ pb0.01 vs. young group.
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plexes) generates the proton-motive force (Δp), which is consumed by
the phosphorylationmodule (Pi translocator, ANT, andATP synthase) to
produceATPandby the proton leakmodule (passivepermeability of the
mitochondrial inner membrane to protons and any cation cycling
reactions). In the present study, Δp was approximated by the
measurement of the membrane potential Δψ, which can be considered
as a suitable intermediate [27].
The top-down control analysis lies on the experimental determi-
nation of the elasticity coefﬁcients over Δp of the three modules. As a
consequence, the complete and accurate top-down control analysis of
skeletal muscle oxidative phosphorylation requires the experimental
determination of the ﬂux through each module and the measurement
of intermediate concentration (i.e., the membrane potential value).
The ﬂuxes through the substrate oxidation and phosphorylation
modules were recorded simultaneously with themembrane potential.
The ﬂux of the proton leak module was determined separately during
a state IV titration [17,18].
2.5. Modular kinetic analysis and determination of elasticity coefﬁcients
over Δψ
Elasticity coefﬁcients of each modules can be calculated using
modular kinetic analysis [28]. This analysis consists in modifying the
value of the intermediate (Δψ) by an adequate titration of a module
that differs from the module under consideration. To cover the whole
range of phosphorylation rates (from state IV to state III), these
titrations were performed using succinate as a substrate at different
concentrations of atractyloside in presence of excess of ADP [17,18].
Succinate was used as a substrate because it gives a valid picture of
how the control is distributed for all substrates [29]. The different
module ﬂuxes were measured only when true steady states were
reached, i.e., when membrane potential values were constant. The
experimental protocol used to determine the kinetic response of each
module to membrane potential and the calculation of elasticity
coefﬁcients for each module were extensively described [17,18].
2.6. Determination of control coefﬁcients
Overall control coefﬁcients are deﬁned as the fractional change in
ﬂux (ﬂux control coefﬁcient) or in Δψ (concentration control
coefﬁcients) in response to an inﬁnitesimal change in the activity of
the module under consideration. The control coefﬁcients obtained
describe a control pattern that gives an overview of the integrated
system functioning and of how this system is regulated in response to
a change in activity, i.e., a change in cellular ATP demand. Overall ﬂux
control coefﬁcients can be calculated from the overall elasticity
coefﬁcients by using the equations given in Hafner et al. [14].
However, since phosphorylation rates were experimentally deter-
mined in the present study (as nmol ATP min−1 mg−1), they were
converted into oxygen consumption using the ATP/O ratio deter-
mined experimentally for each experiment.
2.7. Statistics
Experimental values are expressed asmean±SEMfor eachgroup of
age. Comparisons between young and aged rats were performed using
unpaired bilateral Student's t-tests. P-values were ﬁxed at 0.05 and
0.01 to consider a signiﬁcant level of difference between series of data.
3. Results
3.1. Morphometric parameters and mitochondrial extraction
Aged rats presented a signiﬁcantly higher body weight associated
with a signiﬁcantly reduced gastrocnemius weight compared toyoung rats (Table 1). The sarcopenic index, deﬁned as the gastroc-
nemius-to-body weight ratio, was signiﬁcantly lower in the aged
group. In contrast to total mitochondrial protein extraction, signiﬁ-
cantly lower in aged rats, we did not ﬁnd any modiﬁcation of the
mitochondrial extraction yield, expressed as the amount of mito-
chondrial protein extracted (in mg) per gram of muscle (Table 1).
Consequently, on the basis of this similar extraction yield, the
mitochondrial content was unchanged in the gastrocnemius of the
21-month-old rats compared to young rats.3.2. Classical parameters of mitochondrial oxidative phosphorylation
The ﬁrst step of this study was to determine the consequences of
aging on the classical parameters of oxidative phosphorylation, i.e.,
oxygen consumption, phosphorylation rate, and membrane potential.
Excess of AP5A was added to the measurement medium in order to
avoid any interference in ATP/ADP turnover due to residual activity of
adenylate kinase. The assessment of these classical parameters was
performed simultaneously using succinate as a substrate. A typical
experimental trace recorded using mitochondria isolated from young
rats is presented in Fig. 2A. The ﬁrst step of each experiment was to
calibrate the TPP+-sensitive electrode, performed by adding increas-
ing concentrations of TPP+. Succinate (5 mM) and a very low amount
of ADP (66 μM) were added to the measurement medium just before
addition of mitochondria in order to warm-up oxidative phosphor-
ylation and thus prepare mitochondria to subsequent ADP additions.
The addition of mitochondria induced a decrease in TPP+ concentra-
tion in the medium, indicating TPP+ uptake by mitochondria in
response to the generation of a transmembrane potential. This
generation was due to succinate oxidation, evidenced by the onset
of the oxidation rate. Since a small amount of ADP was present during
warm-up, phosphorylation stopped rapidly and a steady state was
reached, characterized by a highmembrane potential value associated
with a slow oxidation rate. The following addition of 250 μM ADP was
used to obtain state III conditions, where membrane potential was
decreased and oxidation rate increased. During state III, pH evolution
was measured and used to calculate ATP synthesis rate (see Materials
and methods). After ADP was phosphorylated, mitochondria returned
to state IV. At the end of each recording, the addition of an uncoupler
(CCCP) caused the collapse of the membrane potential and the
complete release of TPP+ from the mitochondria.
Results of these experiments performed onmitochondria from young
and aged rats are presented in Table 2. Neither state III nor state IV
membrane potential values were modiﬁed with aging. However, while
state IV oxidation rate was similar between young and aged rats, state III
oxidation rate and respiratory control ratio were signiﬁcantly decreased
in aged rats. Phosphorylation rate under state III conditions was also
decreased inaged rats.However, theATP/Oratiowasunaffectedbyaging.
The maximal capacity of respiratory chain was investigated by
addition of an uncoupler (CCCP) to collapse the membrane potential
and, consequently, to completely release the inhibition exerted by the
Fig. 2. Simultaneous recording of oxidation rate, membrane potential and phosphorylation rate. (A) Typical recording for determination of classical parameters of oxidative
phosphorylation. These recordings were performed using succinate as a substrate (5 mM). Membrane potential was monitored using a TPP+-sensitive electrode, allowing to follow
the TPP+ concentration in the medium. This electrode was calibrated by two successive additions of 1.67 µM TPP+. At the end of each experiment, 1 μM CCCP was added to collapse
to obtain the membrane potential baseline. Phosphorylation rate was monitored using a pH electrode, calibrated using successive additions of a titrated HCl solution (0.1 mM) (cf.
Materials and methods section for details). State III parameters were determined using the addition of 250 μM ADP. State IV parameters were determined after the complete
phosphorylation of the added 250 μM ADP (cf. Table 2). (B) Typical recording for determination of the kinetics responses of substrate oxidation and phosphorylation rates modules
over the whole range of membrane potential values. Intermediate phosphorylation activities were obtained using variable concentrations of atractyloside, ranging from 0 to 0.9 μM.
Actual recording presented here was obtained by adding 0.9 μM atractyloside. S III: state III. S IV: state IV. SS: steady state.
Table 2
Consequences of aging on the classical parameters of mitochondrial oxidative phosphorylation.
Membrane potential
(mV)
Depolarization (mV) Oxidation rate (nmol O2 min−1 mg−1) RCR Phosphorylation rate
(nmol ATP min−1 mg−1)
ATP/O ratio
State IV State III State IV State III Maximal capacity
Young (n=9) 179.9±4.7 123.9±6.0 56.0±3.9 45.3±2.4 215.5±26.2 217.4±17.4 (n=5) 4.8±0.6 752.9±80.0 1.75±0.10
Aged (n=9) 178.7±3.1 122.3±6.2 56.4±4.8 43.1±4.0 173.7±18.6⁎⁎ 178.8±1.6⁎⁎ (n=3) 4.0±0.4⁎⁎ 615.4±124.5⁎ 1.76±0.25
Membrane potential value, oxidation rate, and phosphorylation rate were recorded simultaneously in mitochondria oxidizing succinate as a substrate. State III oxidation and
phosphorylation rates were obtained by addition of 250 μM ADP. Maximal oxidation rates were obtained using successive additions of CCCP until complete abolishment of the
membrane potential. Values are expressed as mean±SEM. RCR: respiratory control ratio. Differences were tested using an unpaired bilateral Student's t-test.
⁎ pb0.05 vs. young group.
⁎⁎ pb0.01 vs. young group.
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Table 3
Consequences of aging on complex I substrates oxidation.
Young (n=5) Aged (n=5)
Glutamate+malate
State III oxidation rate (nmol O2 min−1 mg−1) 343.6±23.5 276.3±26.1⁎⁎
State IV oxidation rate (nmol O2 min−1 mg−1) 16.5±1.1 16.5±1.4
RCR 21.0±2.5 16.9±2.2⁎
Pyruvate+malate
State III oxidation rate (nmol O2 min−1 mg−1) 271.2±23.8 222.6±24.7⁎
State IV oxidation rate (nmol O2 min−1 mg−1) 15.7±1.1 15.1±0.9
RCR 17.3±1.6 14.8±1.3⁎
Mitochondrial oxygen consumption was evaluated using glutamate+malate (5 and
1 mM, respectively) or pyruvate+malate (5 and 1 mM, respectively) as substrates.
State III oxidation rates were obtained by addition of 500 μMADP. Values are expressed
as mean±SEM. Differences were tested using an unpaired bilateral Student's t-test.
⁎ pb0.05 vs. young group.
⁎⁎ pb0.01 vs. young group.
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Table 2. In addition to the reduced state III oxidation rate, themaximal
chain activity was signiﬁcantly reduced in aged group. Interestingly,
themaximal chain activity was very close to the state III oxidation rate
for both young and aged rats, indicating that under state III conditions,
the activity of the respiratory chain was maximal.
Finally, to complete the assessment of the consequences of aging on
classical parameters of oxidative phosphorylation, complex I substrates
oxidation was also investigated using glutamate + malate and
pyruvate+malate as substrates. Results are presented in Table 3. As
for succinate conditions, state IV oxidation rates were similar between
the two groups and both state III oxidation rates and respiratory control
ratios were also signiﬁcantly reduced in aged rats. Interestingly, state III
oxidation rates were largely higher with substrates of complex I thanFig. 3. Modular kinetic analysis of mitochondrial oxidative phosphorylation. Modular kine
(circles) rats of (A) the proton leak, (B) the substrate oxidation, and (C) the phosphorylatio
mean±SEM. Dashed lines illustrate the differences in membrane potential values for younwith succinate. As a consequence, under state III conditions, the
phosphorylation capacity largely exceeds the oxidative capacity when
succinate is oxidized by these mitochondria.
3.3. Top-down control analysis of oxidative phosphorylation
Top-down control analysis is an integrative approach useful to
determine changes that have true functional consequences and is
unresponsive to any changes that have no functional consequences
[28]. This property has been previously used to determine which
module(s) is/are responsible for mitochondrial dysfunctions
occurring during physiological [18] or pathophysiological events
[17]. Consequently, this approach appears well suited to obtain a
precise description of which of the changes occurring during aging
have functional consequences for the integrated oxidative
phosphorylation.
3.4. Modular kinetics analysis
Modular kinetic analysis is the ﬁrst part of the top-down control
analysis. It consists of monitoring the kinetics of the different modules
of oxidative phosphorylation in response to changes in their common
intermediate, the membrane potential. Results are presented in Fig. 3.
The proton leak ﬂux presents important variation between the state
IV and III, and its behaviour is of fundamental importance for the
efﬁciency of oxidative phosphorylation in vivo. It has been well
established that this ﬂux is strictly dependent on the value of
membrane potential [30]. As a consequence, the study of the
relationship existing between membrane potential and the proton
leak ﬂux is required to accurately determine the consequences of
aging on this module. This relationship was obtained by progressive
inhibition of the respiratory chain using malonate under conditionstic analyses carried out using mitochondria isolated from young (squares) and aged
n modules. Succinate was used as a substrate. Data of panels B and C are presented as
g and aged rats corresponding to a given phosphorylation activity.
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absence of phosphorylation and/or ATP hydrolysis (excess of
oligomycin). Results are presented in Fig. 3A and show that proton
leak kinetics was clearly unaffected in the 21-month-old rats.
Kinetic responses of the two other modules, i.e., the substrate
oxidation and the phosphorylation modules, were obtained by using
speciﬁc inhibitor of a module that differ from the module under
consideration, in order to modulate the membrane potential value.
According to Dufour et al. [18], the kinetic responses of these two
modules were determined on the whole range of phosphorylation
activities, i.e., from state IV to III, by adding variable concentrations of
atractyloside in the presence of an excess of ADP. Fig. 2B shows how
these intermediate phosphorylation activities were experimentally
obtained on a typical experiment. The onset of the experiment was
similar to classical parameters recording. After mitochondria reached
state IV, an excess of ADP (1.7 mM ﬁnal) was added to obtain stable
state III conditions. Then atractyloside was added at a concentration
ranging from 0 to 0.9 μM in order to set up an intermediate rate of
phosphorylation (SS 1) characterized by intermediate values of
oxidation rate, phosphorylation rate, and membrane potential. For
each atractyloside concentration, SS1 corresponds to the reference
steady state. The kinetic response of phosphorylation module to
membrane potential—and consequently its elasticity—could then be
determined for each atractyloside concentration by successive
additions of malonate in order to modulate respiratory chain activity
and therefore the membrane potential value. Determination of
oxidation rate, phosphorylation rate, and membrane potential was
performed after stabilization of membrane potential (see Fig. 2B).
The kinetic responses of the substrate oxidation and phosphory-
lation modules are presented in Fig. 3B and C, respectively. There was
a strong trend for a reduction of both oxidation and phosphorylation
rates on the whole range of membrane potential, excepted for the
oxidation rate under state IV conditions (no phosphorylation). These
results demonstrate a decrease of the activity of mitochondrial
oxidative phosphorylation for any given membrane potential value.
Moreover, as represented by the dashed lines in Fig. 3C, for the same
absolute phosphorylation rate, and by extension for the same cellular
ATP demand, membrane potential was clearly lower in mitochondria
isolated from aged rats.Fig. 4. Inﬂuence of aging on the atractyloside-induced inhibition of the phosphorylation
rate. (A) Inhibition of the phosphorylation activity obtained by adding increasing
atractyloside concentration for young (squares) and aged (circles) rats. For each
measurement, ADP (1.7 mM) was present in excess and succinate was used as a
substrate. The maximal phosphorylation activity (100%) was determined for each
experiment before addition of atractyloside. Dashed and plain curves represent sigmoid
ﬁts of data obtained for young and aged rats, respectively. (B) Determination of the half
maximal inhibitory concentration (IC50) of atractyloside on young and aged
mitochondria. IC50 values were determined using sigmoid ﬁts of data obtained for
each experiment. ⁎⁎pb0.01 between young (n=6) and aged groups (n=7).Fig. 4 presents the results of the titration of the phosphorylation
module obtained by adding variable concentrations of atractyloside.
This titration, initially performed to determine the kinetic response of
the substrate oxidation module, has revealed that mitochondria
isolated from aged muscles were signiﬁcantly more sensitive to
atractyloside than young mitochondria (Fig. 4A). This result was
conﬁrmed by the calculation of IC50 of atractyloside, signiﬁcantly
lowered by about 30% in mitochondria isolated from aged muscles
(Fig. 4B).3.5. Elasticity coefﬁcients
As described in the experimental section, elasticity coefﬁcients for
each module were calculated from the data obtained by the modular
kinetic analysis. Elasticity coefﬁcients of the three modules, for
membrane potential values ranging from state IV to state III, are
presented in Fig. 5. The elasticity of the proton leak module was
unchanged with aging (Fig. 5A). Similarly, no clear modiﬁcation of the
elasticity of the substrate oxidation module was observed (Fig. 5B).
Both in young and old rat mitochondria, the elasticity of substrate
oxidation increased rapidly (in absolute value) with membrane
potential value, from values close to zero under low membrane
potential (high phosphorylation activity, state III) to about −20 atFig. 5. Inﬂuence of aging on elasticity coefﬁcients. Elasticity coefﬁcients of (A) proton
leak, (B) substrate oxidation, and (C) phosphorylation modules toward membrane
potential for young (squares) and aged (circles) rats. Each measurement was
performed using succinate as a substrate (5 mM) and excess of ADP (1.7 mM).
Intermediate phosphorylation activities were obtained using variable concentration of
atractyloside (cf. Fig. 2). For the phosphorylation module, differences were tested using
an unpaired bilateral Student's t-test with the average value of elasticity coefﬁcients,
for each group, between 160 and 181 mV. ⁎⁎pb0.01 between young (n=7) and aged
groups (n=7). Art drawing has been added to emphasize the difference between
young and aged rats.
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state IV).
The same pattern was found for the elasticity curve of phosphor-
ylation module, but with a much smaller increase for high membrane
potential values (Fig. 5C). However, this elasticity pattern was
signiﬁcantly modiﬁed in mitochondria from aged rats. As compared
to young rats, this elasticity was signiﬁcantly increased for the 21-
month-old rats undermembrane potential values ranging from 160 to
180 mV (Fig. 5C). It is important to note that this range of membrane
potentials corresponds to intermediate phosphorylation activities.
3.6. Control coefﬁcients
Elasticity coefﬁcients were then used to calculate the overall
control coefﬁcients of the threemodules over each ﬂux and overΔψ as
a function of the phosphorylation activity. Control exerted by theFig. 6. Inﬂuence of aging on the control pattern of oxidative phosphorylation. Control exer
(third row) over oxidation (left column) and phosphorylation rates (right column), for yo
succinate as a substrate (5 mM) and excess of ADP (1.7 mM). Intermediate phosphorylatio
statistical purpose, control coefﬁcients for each population were grouped into different range
of the maximal phosphorylation rate). The maximal phosphorylation activity (100%) was
coefﬁcients of the top-down control analysis. Values are presented as mean±SEM. Differenc
young (n=7) and aged groups (n=7).different modules over Δψ and over proton leak ﬂux was unchanged
with aging (data not shown). As a consequence, only the control
coefﬁcients exerted by the threemodules over the substrate oxidation
and phosphorylation ﬂuxes are presented in Fig. 6. A similar control
pattern under high phosphorylation activities was observed between
young and aged rats, reﬂecting the almost identical elasticities under
these conditions (low membrane potential). Under these high
phosphorylation activities, most of the control is exerted by the
substrate oxidation module. As discussed above, this result may be
correlated to the observation that, in the presence of succinate,
respiratory chain activity is close to maximal activity and therefore
exhibits very low elasticity values. By contrast, aged rats presented a
signiﬁcantly modiﬁed control pattern of oxidative phosphorylation
under intermediate and low phosphorylation activities (i.e., below
50% of the maximal activity). This modiﬁed control pattern in aged
rats was characterized by an increase of the control exerted by theted by substrate oxidation (ﬁrst row), phosphorylation (second row), and proton leak
ung (open bars) and aged rats (solid bars). Each measurement was performed using
n activities were obtained using variable concentration of atractyloside (cf. Fig. 2). For
s of phosphorylation activity (i.e., 0%, 1% to 35%, 35% to 50%, 50% to 80%, and 80% to 100%
determined for each experiment during the determination of the state III elasticity
es were tested using an unpaired bilateral Student's t-test. ⁎⁎pb0.01, ⁎pb0.05 between
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decrease of the control exerted by the phosphorylation module over
both the substrate oxidation and phosphorylation module ﬂuxes (Fig.
6C and D), which are the direct consequence of the increase in the
elasticity of the phosphorylation (see Fig. 5C) and summation
theorem. In other words, in the absence of change in substrate
oxidation and leak elasticities at high membrane potential (Fig. 5A
and B), the increase in elasticity of phosphorylation module in aged
rat mitochondria is responsible for a decreased control by this latter
module and, the sum of the control being 1, control by substrate
oxidation increases.
4. Discussion
The present studywas designed to investigate the consequences of
aging on oxidative phosphorylation in mitochondria isolated from rat
skeletal muscle. The gastrocnemius muscle was chosen because of the
physiological relevance of the alteration induced by aging, since it is
known to be sensitive to sarcopenia [31]. Indeed, this muscle is partly
composed of glycolytic ﬁbers, well known to be affected during aging
[32]. This sensitivity was conﬁrmed in the present study by the
calculation of the sarcopenic index (Table 1), signiﬁcantly reduced in
the 21-month-old rats. Both of the observed changes, increase in body
weight and decrease in gastrocnemius weight of these old rats, were
similar to those observed in older humans [33].
A current theory to explain skeletal muscle aging is based on the
accumulation of oxidative damages to mitochondrial DNA and
proteins, due to mitochondrial ROS overproduction (for reviews,
see [34,35]). The interest on the properties of the inner mitochon-
drial membrane is increasing, since it has been proposed that an
increased conductance to proton may reduce the ROS production
[36]. In this context, the increased proton leak found with aging in
studies performed on rat [7] and human muscles [8] has been
interpreted as a compensatory mechanism to decrease ROS produc-
tion. This hypothesis could not be conﬁrmed in the present study,
since we provide experimental evidences that the proton leak
kinetics and, consequently, the inner membrane properties were
unaltered in the 21-month-old rats (Fig. 2A). Moreover, these
unaltered properties explain why the mitochondrial efﬁciency
(ATP/O ratio) and membrane potential values under states III and
IV were found unchanged with aging (Table 2). However, this study
was focused on “middle-aged” rats, and we cannot totally exclude
that alterations of inner membrane properties could emerge at
advanced stages of aging. Indeed, by studying the effect of aging and
caloric restriction on the proton leak kinetics, Asami et al. [37] have
proposed that an increase in proton leak may only occur within a
brief time span at advanced age.
The study of the classical parameters of oxidative phosphorylation
revealed a clear reduction of the maximal capacity of oxidative
phosphorylation in aged rats whatever the pathway of electron through
the respiratory chain (Tables 2 and 3). This result is in accordancewith a
previous work of Drew et al. [9], which have reported a decreased
maximal phosphorylation rate in mitochondria isolated from rat
gastrocnemius muscle with aging. However, the physiological con-
sequences of this reduced maximal capacity of ATP production are
difﬁcult to determine, since under usual in vivo conditions, mitochon-
drial oxidative phosphorylation operates below maximal rates.
To get better insights concerning the consequences of aging on
mitochondrial function, we studied the oxidative phosphorylation
over the whole range of mitochondrial activities using the top-down
control analysis. This approach was also used because it gives an
overview of the functioning of the integrated system and has been
shown to accurately detect dysfunctions of oxidative phosphorylation
[15,17,18,38–41]. Modular kinetic analysis (the ﬁrst part of the top-
down control analysis) revealed that the reduction of both oxidation
and phosphorylation rates is not restricted to the maximal activity butis present over the whole range of membrane potentials, i.e., from
state IV to III (Fig. 3B and C). The direct consequence of this modiﬁed
kinetics is that for any cellular ATP demand (an example is shown in
Fig. 3C), oxidative phosphorylation activity occurs at a lower
membrane potential in aged rats compared to young rats. This
lower membrane potential value for any requested cellular ATP
demand may have important consequences on cellular energetics.
Indeed, it is now clearly established that mitochondria play an
important role in the cellular calcium homeostasis. Calcium entry into
the mitochondrial matrix, as for other ions, is in part function of the
membrane potential (for review, see [42]). A lower membrane
potential for the same relative cellular ATP demand (same metabolic
state) would induce a lower sequestration of calcium by the
mitochondria. Interestingly, the resting calcium concentration was
found to increase with aging in several rats muscles [43] and the
calcium-dependent proteolytic system has been implicated in the loss
of muscle mass occurring with aging [44]. As a consequence, on the
basis of our results, we can hypothesize that oxidative phosphoryla-
tion dysfunctions induced by aging may take part into mechanisms
responsible for the disturbed calcium homeostasis documented with
aging. In addition, a lower membrane potential for an equivalent
cellular ATP demand may represent a compensatory mechanism to
reduce the ROS production, and in turn ROS-induced damages, since
ROS production has been demonstrated to show a steep dependence
on the magnitude of the proton-motive force [36].
The complete top-down control analysis also revealed an abnormal
control pattern of oxidative phosphorylation under weak and interme-
diate phosphorylation activities in aged rats (Fig. 6). Interestingly this
alteration of the internal regulation of the mitochondrial oxidative
phosphorylation appears physiologically relevant, since under usual in
vivo conditions, and especially at rest and during moderate activities,
the cellular ATP demand corresponds to weak phosphorylation
activities. This dysregulation is entirely explained by the dysfunction
of the phosphorylation module described here since it is the only
module whose elasticity was modiﬁed under high membrane potential
values in aged rats (Fig. 5C). The resulting decrease of the control
exerted by this module over the oxidation rate may lead to a lower and
inadequate response of the entire oxidative phosphorylation to
increased cellular ATP demand. Consequently we can hypothesis that
this dysregulation of the integrative functioning, combined with the
lower membrane potential value for any cellular ATP demand, can in
part explain the decreased ATP content previously reported in the
gastrocnemius of aged rats [9]. This decrease in ATP content probably
modiﬁes the AMP to ATP ratio, and in turn may disturb the functioning
of signaling pathways like the S6K/mTOR/AMPK system involved in the
control of muscle mass [45].
Several hypotheses can be put forward to explain the dysfunction
of the phosphorylation module observed in the present study.
However, the increased sensitivity of mitochondria isolated from
aged muscles to atractyloside (Fig. 4) strongly suggests the implica-
tion of the adenine nucleotide translocator (ANT). Indeed, ANT is an
important component of the phosphorylation module and was shown
to be oxidatively modiﬁed during aging in the ﬂight muscle of
houseﬂy [46] and in rat skeletal muscles [47]. These oxidatively
mediated damages, by increasing the ANT carbonyl content and
decreasing the ANT functionality [46], may be responsible for the
modiﬁcation of the kinetic properties of the phosphorylation module.
An other possible implication of ANT could arise trough its role in the
mitochondrial permeability transition pore (mPTP) functioning.
Indeed, ANT is considered as an important component of the mPTP
[48]. Thiol modiﬁcation of ANT by oxidative stress has been implicated
in mPTP opening (for review, see [49,50]) and we previously
demonstrated that mPTP opening disturbs the internal regulation of
oxidative phosphorylation [17].
In conclusion, this paper presents the evidence for deleterious
alterations of oxidative phosphorylation in the skeletal muscle of aged
151G. Gouspillou et al. / Biochimica et Biophysica Acta 1797 (2010) 143–151rats. Application of the top-down control analysis revealed that
alterations of oxidative phosphorylation mainly arise from the
phosphorylation module. These alterations are of major interest
since they occur at phosphorylation activities compatible with in vivo
conditions of mitochondrial functioning in the elderly. While the very
mechanisms still need to be thoroughly investigated, we provide in
the present study evidence that these dysfunctions involve modiﬁ-
cation of ANT properties. Further experiments are now required to
determine the precise implication of this translocator in the
phosphorylation module response to cellular ATP demand. In light
of our results, dysfunctions of oxidative phosphorylation induced by
aging certainly modify the cellular energetics and physiology by
affecting the ROS production and calcium homeostasis.
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